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Abstract 


Conventional frequency selective surface consists of a two-dimensional (2-D) 
periodic array of unit-cells, which are either printed on a dielectric. substrate or 
etched out of a conductive surface. These simple 2-D surfaces suffer from poor 
frequency selectivity and unstable response under different incident angles. 
Recently, an innovative concept of three-dimensional (3D) frequency selective 
structure (FSS) was proposed to alleviate the disadvantages of traditional frequency- 
selective surfaces. The new type of 3-D frequency selective structure consist of a 2D 
periodic array of vertically placed microstrip lines, which is very promising for the 
realization of compact high-performance FSSs. This presentation will introduce the 
proposed 3-D frequency selective structure. Equivalent circuit models will be 
employed to explain the operating principle of these three-dimensional FSSs. A 
number of design examples will be presented to demonstrate the high performance 
filtering response of 3D FSSs. Possible research topics for further investigation are 
suggested and existing challenges are also mentioned at the end of this presentation. 


Index Terms: frequency selective surfaces, periodic structures, radome, microwave 
absorbers 
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Two Typical FSSs 


e Single-layer Structures 
— Patch (inductive) resonators -10 
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— Slot (capacitive) resonators 
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Disadvantages of Traditional FSSs 


* Limited bandwidth: based on one resonance 


e Large cell sıze: typically half a wavelength so that it can 
resonate. This large cell size results in poor angular 
response. Munk [1] used two slabs to alleviate the angular 
sensitivity. Others used miniaturized elements [2]. 


¢ Poor filtering response: maximally flat or Butterworth-type 
filtering response can be achieved. 


[1] B. A. Munk, Frequency Selective Surfaces: Theory and Design. 
John Wiley & Sons Inc., 2000. 

[2] K. Sarabandi and N. Behdad, “A frequency selective surface with 
miniaturized elements,” IEEE Trans. on Antennas and Propagation, 
vol. 55, no. 5, pp. 1239-1245, 2007. 


ISE | TECHNOLOGICAL 





Multi-Layered FSS 


+ Multi-layered Structure: wider bandwidth and steeper 
filtering response are obtained at the cost of a larger thickness 






FSS layers 5777777777: 


Dielectric spacer l 
layers 
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Elliptical FSS Structures 





s Band-pass quası-elliptical FSS z ” 
structures vvere reported 14, 51 usıng 1 SÈ > ZI. > E 
substrate integrated waveguide (SIW). ^ sa “ə 4. a> 
" Itisa2.5D structure and exhibits b > 


very good filtering performance. 


A 
| COE" | yA T | 


[4] G. Q. Luo, et al., *High performance frequency selective surface using cascading substrate integrated 
waveguide cavities," JEEE Microwave and Wireless Components Letters, vol.16, pp. 648-50, 2006. 

[5] G. Q. Luo, et al., “Design and experimental verification of compact frequency-selective surface with 
quasi-elliptic bandpass response," JEEE Trans. on Microwave Theory and Tech., vol. 55, pp. 2481-2487, 
2007. 
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3-D Frequency Selective Structures (FSSs) 


Generalized Circuit Model 
E 
a 
H 


Multimode 
Cavity 





" [tis possible to include a number of higher-order mode resonances. 
= N different paths can generate N reflection zeroes [6]. 
" Increased coupling to higher order modes results in high performance. 





| | Air © Resonator <——» Coupling 


. [6| R. J. Cameron, "Advanced coupling matrix synthesis techniques for 
O x CAL microwave filters," IEEE Trans. on Microwave Theory and Tech., vol. 51, pp. 
1-10, 2003. 
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Our Proposed 3D Structure 


* Description of Our New Structure 


— Two-dimensional periodic array of vertically placed printed 
transmission lines (non-resonant) 


— Can be easily fabricated using photolithographic technology 


PMC 





Advantages of Our Proposed FSS 


* Due to its non-resonant nature, cell size can be electrically very 
small, which results 1n very stable angular filtering response 


* Because of the existence of multiple propagating modes, quasi- 
elliptical filtering response can be readily achieved. 


* Both band-pass and band-stop responses can be realized. 
¢ Tunable frequency selective structures can be easily implemented. 
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Other 3D FSS Designs 


e SIW Structure [4, 5]: + Cylindrical Ring Structure [7 |: 


Middle layer 


: m f. 2 





Power Transmission Coefficients (dB) 





55 (dB) 


Frequency (GHz) — Smulated 


[4] G. Q. Luo, et al., “High performance frequency E 
selective surface using cascading substrate integrated 
waveguide cavities," IEEE Microwave and Wireless 
Components Letters, vol.16, pp. 648-50, 2006. 

[5] G. Q. Luo, et al., “Design and experimental verification 
of compact Кәлләни, selective surface with quasi-elliptic 





Frequency (GHz) 


[7] S. N. Azemi, K. Ghorbani, and W. S. T. 
Rowe, *3D frequency selective surfaces," 


Progress in Electromagnetics Research C, 
e," IEEE Trans. Microwave Theory Tech., 


DAN GRING, vol. 29. pp.191-203, 2012. 
48. 96112487, 2007. HER ( E 


Existing 3-D FSS Designs (cont.) 


Apertured Cavity Structure [8]: 


ә” 
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5 parameters(dB) 





[8] X. Huang, C. Yang, Z. Lu, and P. Liu, “A novel 
frequency selective structure with quasi-elliptic bandpass 
response,” IEEE Antennas and Wireless Propag. Lett., vol. 
11, pp. 1497-1500, 2012. 

wa NANYANG 


=A TECHNOLOGICAL 
3) UNIVERSITY 







* Crossed Dipole Loaded 
Waveguide Structure [9]: 











| | | 
0 4 8 12 16 20 24 28 32 
f (GHz) 


[9] R. Mittra and C. Pelletti, “Three-dimensional FSS 
elements with wide frequency and angular 
responses,” in Proc. of IEEE Antennas and Propag. 
Intl. Symp., Chicago, IL, Jul. 2012 
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Structure of the Unit Cell of Our FSS 


When the polarization of incident 

waves 1s perpendicular to the Ewa! 
strips, perfect magnetic conductor 
(PMC) walls are formed c LEES 
the microstrip lines. 

Since a microstrip line shielded 

with magnetic side walls supports 

two quas1- TEM modes, it leads to 


the realization of dual-mode 
resonators. 










Air-microstrip line 
discontinuity 
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Cross-sectional view of a unit-cell 


Dual-Mode Propagation 


= Unlike the conventional shielded 
microstrip line, two quası- TEM 
modes are observed at any 
operating frequency. 

"= “Substrate mode” 1s concentrated 
mainly In m substrate region, | | : | 

= ‘Air mode’ propagates primarily in 


the air region. Cross-sectional view of a unit-cell 








" Field patterns are similar to those 
of filled and unfilled parallel-plate 
waveguides. 

= The main reason why two modes 
can exist at any frequency 1s 
because there are three conductors 
with different potentials. 
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Propagation Characteristics 
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Circuit Model of the Proposed FSS 


= ‘Two resonators correspond to the 
first two modes of the periodic 
array of microstrip lines. 


s The air region is coupled to both 
modes. 





| | Air O Resonator <——» Coupling 





= This topology is known to generate © ww. 
two reflection zeros and one -10 
transmission zero[ 10]. 








---6,| 















Source-load direct 
-30 coupling 





[10] S. Amari and J. Bornemann, Asia- 
Pacific Microwave Conference, USA, pp. 
1175-1177, 2000. 


S-parameters (dB) 
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h=2.52 mm, d = 1.52 mm, e, = 3.38, L = 9.5 mm). 


Designed Examples 


Band-Stop Frequency-Selective Structures [11, 12] 

— Wide-band and Narrow-band Designs 

— Miniaturized Design [13 | 

— Wide Stopband Design [14] 
Band-Pass Frequency-Selective Structure 

— Narrow-band Design [15] and Wide-band Design [16] 

— FSS with Multiple Transmission Zeros [17] 

— Bandpass FSS with Wide Spurious-rejection [18] 
Dual-Polarized FSS 

— Bandpass Design [19, 20] 

— Design with a Narrow Passband and Wide Stopband [21 | 
Dual-Band and Multi-Band Designs 

— Dual-band Design [22] 

— Multi-band Design [23 | 
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Quasi-Elliptical Wideband FSS Design 

















































































































" Selection of a higher dielectric Ib 52 X eM 
constant (Duroid 6010 with e, = RN $ mæ | pe 
10.2) to include higher-order mode 2 | db. pe ; ff 
resonances. S 7 ves. ME M 

= Reduced strip width to horizontal q ET i 2 NI å 
period ratio £/b to increase the =–жҝ 
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[11] A. K. Rashid and Z. Shen, “A novel band-reject frequency selective surface with pseudo- diliniz response,” IEEE Trans 
Antennas Propag., vol. 58, no. 4, pp. 1220-1226, Apr. 2010. 
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[12] A. K. Rashid and Z. Shen, “Scattering by a two-dimensional periodic array of vertically placed microstrip lines,” IEEE 
Trans. Antennas Propag., vol. 59, no. 7, pp. 2599-2606, Jul. 2011. 


Design 
Quasi-Elliptical Narrow-Band FSS 
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SIR-Based Miniaturized Band-Stop FSS 


" Structure =  Stepped-impedance resonator 
for thickness reduction. 

=  Ashunt capacitor connecting 
the SIR center and ground for 
obtaining the quasi-elliptic 
filtering response. 


— 1811] |: 
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Capacitor-Loaded SIR-FSS 


fo 1$ unchanged. 


















, , | 45 | 
A, is lowered down when loading a capacitor. E — Transmission line model ! 
> o HFSS | 
Ou Ou 2 | 
pe = 
>, | 
ә I 
с 4 
5 o | 
= | 
ә I 
= | 
2 S | 
У = ¡Y w'Ctan” O!, -(K+I)Y tan6' —w'C z 2 : 
" ” YK tan” O', +(K+Do,Ctan 6”, — Y 5 о 6 
| Y(K «D - J[Y(K - DP - 4K(Qzf/CY бә e 
tan Lio, = YK +1) +Y +D) +4KOTS aC) Capacitor C (pF) 
0 
4 V Y f : i 
in i} | ! 
-10 i li a "e, | 
. P > | 
= H i: I a a l 
320 EE s a 
: : : = ун 
2 : Eae IE | vü ун 
| =C UHE — C=10pF ll: 
-— n ! | | " | 
ERE NANYANG mu : |. 
ğış” TECHNOLQŞİLCAI | | .. 
35, UNIVERSITY 3 6 9 12 15 15 


Frequency (GHz) Frequency (GHz) 


Miniaturized Design 














" Selection of a low cost substrate — fi N 
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[13] B. Li and Z. Shen, “Miniaturized band-stop frequency-selective structure using stepped-impedance resonators,” JEEE 
Antennas and Wireless Propagation Letters, 2012 


Wide Stop-Band FSS 


= Structure: y 
Double — ZA E 
arall li 
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Simulated and Measured Performance 
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Measurement 
: Simulation 
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[14] B. Li and Z. Shen, “Three-dimensional broadband bandstop frequency selective structure using dual-mode resonators,” 


IEEE AP-S International Symposium, Orlando, 2013. 


Designed Band-Pass FSS 
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Fabricated Band-Pass FSS 
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[15] A. K. Rashid, Z. Shen, and B. Li, *An elliptical band-pass freqency selective structure based on 


microstrip lines,” IEEE Trans. on Antennas and Propagat., vol. 61, no. 10, pp. 4661-4669, Oct. 2012. 











Wide-Band Bandpass FSS 


= Structure: D 
<A E 
yk 
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[16] B. P "i 2. E “Wideband bandpass frequency selective structure based on periodic array of two vertical microstrip 
lines," URSI General Assembly, Aug. 2014 


Multi-Mode Propagation and Equivalent Circuit 


HE 









Liz 
Parallel-plate Ca . : | R, Ca Parallel-plate 


waveguide waveguide 


—— CST-MWS 
= == Equivalent Circuit 


UNIVERSITY 0 3 6 9 12 15 18 


Frequency (GHz) 





Simulated and Measured Results 
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Bandpass FSS with Multiple Transmission Zeros 
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Simulated and Measured Performance 
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[17] B. Li and Z. Shen, “Three-dimensional bandpass frequency selective structures with multiple transmission zeros," 
IEEE Transactions on Microwave Theory and Tech., vol. 61, no. 10, pp. 3578-3598, Oct. 2013. 
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Bandpass FSS with Wide Stop-Band 
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Simulated and Measured Performance 


Simulated q = 09 
Simulated q = 409 


Measured q = 0° 


Measured q = 40° 
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[18] B. Li and Z. Shen, “Bandpass frequency selective structure with wideband spurious-rejection,’ JEEE Antennas and 
Wireless Propagation Letters, vol. 13, pp.145-148, Jan. 2014. 
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[19] Y. Zuo, A. K. Rashid, Z. Shen, Y. Feng, /EEE Antennas and Wireless Propagation Letters, vol. 11, pp. 
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Dual-Polarized FSS Design with Wide Upper Rejection 
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Fabricated Prototype 
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Vertical 


Simulated and Measured Results 
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[20] B. Li and Z. Shen, “Three-dimensional dual-polarized frequency selective structure with wide out-of- 
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Novel Dual-Polarized Band-Stop FSS 


= Structure: 



















































































































































































































































































































































































































TECHNOLOGICAL 
UNIVERSITY 





A unit cell 


Vertical double sided SIR 
b MES Printed 


m V — m nm ^nm — m m m B m n m m m m m x m mV 
"| sa a 83 ^2 © A4 nA B3 a B8 ^ A3 a N ^3 ^» mx 













Metallic RA ale NN. crossed dipole 




















Horizontal double sided 
SIR 


40 


8 12 
Frequency (GHz) 


Fabricated Model and Measured Results 


n 
-u 


10 lj Y — — — Measurement 


7777 CST-MWS 


L 
о 


Magnitude (dB) 


vo Eat 
asa -50 





7.5 9 10.5 
Frequency (GHz) 


[21] B. Li and Z. Shen, “Three-dimensional dual-polarized frequency selective structure with wide out-of- 

band - ection,” Applied Physics Letters, vol. 103, Oct. 2013. 
Asi NANYANG 

ma TECHNOLOGICAL 

5)/ UNIVERSITY 





41 





-10 





— -10 
—— Measurement m — —— Measurement 
2777 3 an 
m --- CSTMWS 2.20 771 CST-MWS 
Ә Y | 
8 2 
a. 5.30 | 
2 2 l 
l 
-40 -40 | 
| 
| 
-50 -50 
15 3 45 6 75 9 105 2 135 15 1.5 | 75 9 105 12 135 15 
Frequency (GHz) Frequency (GHz) 
TM-polarization (0 = 209) TM-polarization (0 — 409) 
| = a » ——— | 5-—— —.N —— nə. 
VZ” 





Measurement 


——. CST-MWS 


Measurement 


——. CST-MWS 


N 
© 


15 3 45 6 75 9 10.5 12. 13.5 15" 42 
Frequency (GHz) 


Frequency (GHz) 


Dual-Band FSS with Arbitrary Band Ratio 
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Simulated and Measured Results 
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Tunable Frequency Selective Structure 
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Measured Results 
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Compared with all published literature, the proposed tunable FSS 
has the largest relative tuning range (65% from 1.40 to 2.75GHz). 


The structure exhibits stable frequency response under oblique 
incidence of angles up to 60° 
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Frequency Response of Rasorbers 
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2D FSR Design 
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Key Concept of 3D FSR 
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Measured Results 
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Opportunities 


Many other 3D structures may be proposed for realizing 
high performance FSSs. Many variations of our proposed 
structure, such as etching slot on the ground, using other 
microstrip resonators, may also be possible. 


The extensive knowledge gained in the design of 
waveguide and microstrip filters may also be applied to the 
design of frequency selective structures based on 
waveguide arrays. 


Using our proposed structures, one can design various 
polarization rotators and/or polarizers. 


Incorporation of active components into the microstrip 
lines may lead to tunable FSS designs, which should be 
another interesting research topic. œ 
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Challenges 
At the moment, there 1s no good design for dual-polarized 
band-stop FSSs with very wide reject-band, up to 10 
harmonics. No robust dual-polarized band-pass FSS is 
avallable up to now. 


Reducing the thickness is a key challenge that is worthy of 
extensive investigations. 


In practical applications, FSS may have to be fabricated on 
a curved surface. Such practical 1ssues are also interesting 
research topics. 


Simple tunable FSSs are useful and may require more 
research. 


Integrated modeling and design of antenna-FSS > syste 
alse be an important and challenging problem 
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Conclusions 


e A new class of frequency selective structure using a two 
dimensional periodic array of vertical microstrip lines has 
been presented. Its operating principle has been explained 
using simple equivalent circuit models. 


e Both theoretical and experimental studies have shown that 
three-dimensional frequency selective structure (FSS) 1s 
an innovative concept and very promising for realizing 
high-performance FSS. 


* There are a lot of opportunities ahead in this area and 
extensive work needs to be done to put this concept of 3D 
FSS into practical use. 





TECHNOLOGICAL 





References 


[1] B. A. Munk, Frequency Selective Surfaces: Theory and Design. John Wiley & Sons Inc., 2000. 

[2] K. Sarabandi and N. Behdad, “A frequency selective surface with miniaturized elements,” JEEE Trans. on Antennas 
and Propagation, vol. 55, no. 5, pp. 1239-1245, 2007. 

[3] S. Amari and U. Rosenberg, "Characteristics of cross (bypass) coupling through higher/lower order modes and their 
applications in elliptic filter design,” IEEE Trans. on Microwave Theory and Tech., vol. 53, p.3135-3141, 2005. 

[4] G. Q. Luo, et al., "High performance frequency selective surface using cascading substrate integrated waveguide 

cavities," IEEE Microwave and Wireless Components Letters, vol.16, pp. 648-50, 2006. 

[5] G. Q. Luo, et al., “Design and experimental verification of compact frequency-selective surface with quasi-elliptic 
bandpass response," ¡EEE Trans. on Microwave Theory and Tech., vol. 55, pp. 2481-2487, 2007. 

[6] R. J. Cameron, "Advanced coupling matrix synthesis techniques for microwave filters," IEEE Trans. on Microwave 
Theory and Tech., vol. 51, pp. 1-10, 2003. 

[7] S. N. Azemi, K. Ghorbani, and W. S. T. Rowe, “3D frequency selective surfaces,” Progress in Electromagnetics 
Research C, vol. 29, pp.191—203, 2012. 

[8] X. Huang, C. Yang, Z. Lu, and P. Liu, “A novel frequency selective structure with quasi-elliptic bandpass response,” 
IEEE Antennas and Wireless Propag. Lett., vol. 11, pp. 1497-1500, 2012. 

[9] R. Mittra and C. Pelletti, “Three-dimensional FSS elements with wide frequency and angular responses,” in Proc. of 
IEEE Antennas and Propag. Intl. Symp., Chicago, IL, Jul. 2012. 

[10] S. Amari and J. Bornemann, "Maximum number of finite. transmission zeros of coupled resonator filters with 
source/load multiresonator coupling and a given topology," Asia-Pacific Microwave Conference, USA, pp. 1175- 
1177, 2000. 

[11] A. K. Rashid and Z. Shen, “A novel band-reject frequency selective surface with pseudo-elliptic response,” IEEE 
Trans. Antennas Propag., vol. 38, no. 4, pp. 1220-1226, Apr. 2010. 

[12] A. K. Rashid and Z. Shen, “Scattering by a two-dimensional periodic array of vertically placed microstrip lines,” 
IEEE Trans. Antennas Propag., vol. 59, no. 7, pp. 2599-2606, Jul. 2011. 

Gui NANYANG 


3| TECHNOLOGICAL 


239/ UNIVERSITY 65 





References 


[13] B. Li and Z. Shen, “Miniaturized band-stop frequency-selective structure using stepped-impedance resonators," 
IEEE Antennas and Wireless Propagation Letters, vol. 11, pp.1112-1115, 2012. 

[14] B. Li and Z. Shen, “Three-dimensional broadband bandstop frequency selective structure using dual-mode 
resonators,” IEEE AP-S International Symposium, Orlando, 2013. 

[15] A. K. Rashid, Z. Shen, and B. Li, "An elliptical band-pass freqency selective structure based on microstrip lines,” 
IEEE Trans. on Antennas and Propagat., vol. 61, no. 10, pp. 4661-4669, Oct. 2012. 

[16] B. Li and Z. Shen, “Wideband bandpass frequency selective structure based on periodic array of two vertical 
microstrip lines," URSI General Assembly, Beijing, China, Aug. 2014. 

[17] B. Li and Z. Shen, "Three-dimensional bandpass frequency selective structures with multiple transmission zeros," 
IEEE Transactions on Microwave Theory and Tech., vol. 61, no. 10, pp. 3578-3598, Oct. 2013. 

[18] B. Li and Z. Shen, “Bandpass frequency selective structure with wideband spurious-rejection," IEEE Antennas and 
Wireless Propagation Letters, vol. 13, pp.145-148, Jan. 2014. 

[19] Y. Zuo, A. K. Rashid, Z. Shen, Y. Feng, “Design of dual-polarized frequency-selective structure withquasi-elliptic 
bandpass response,” IEEE Antennas and Wireless Propagation Letters, vol. 11, pp. 297-300, 2012. 

[20] B. Li and Z. Shen, “Three-dimensional dual-polarized frequency selective structure with wide out-of-band rejection,” 
IEEE Trans. Antennas and Propagation, vol. 62, no. 1, pp. 130-137, Jan. 2014. 

[21] B. Li and Z. Shen, “Three-dimensional dual-polarized frequency selective structure with wide out-of-band rejection,” 
Applied Physics Letters, vol. 103, Oct. 2013. 

[22] B. Li and Z. Shen, “Dual-band bandpass frequency selective structures with arbitrary band ratios,” IEEE Trans. On 
Antennas and Propagation, vol. 62, no. 11, pp.5504-5512, Nov. 2014. 

[23] A. M. Omar and Z. Shen, “Multi-band high-order bandstop 3D frequency selective structure," IEEE Trans. On 
Antennas and Propagation, vol. 64, no. 6, pp.2217-2226, June 2016. 

[24] X. Huang, Z. Shen, O. Feng, and B. Li, “Tunable 3D band-pass frequency-selective structure with wide tuning range,” 

IEEE Trans. on Antennas and Propagation, vol. 63, no. 7, July 2015. 
Gui NANYANG 


TECHNOLOGICAL 


V3y/ UNIVERSITY 






66 


References 


[25] A. K. Rashid and Z. Shen, “Wideband microwave absorber based on a two-dimensional periodic array of microstrip 
lines,” IEEE Trans. on Antennas and Propag., vol.58, no. 12, pp. 3913-3922, Dec. 2010. 

[26] Y. Shang, Z. Shen, and S. Xiao, “Frequency-selective rasorber based on square-loop and cross-dipole arrays,” IEEE 
Trans. On Antennas and Propagation, vol. 62, no. 11, pp.5581-5589, Nov. 2014. 

[27] B. Li and Z. Shen, “Wideband 3D frequency selective rasorber," JEEE Trans. On Antennas and Propagation, vol. 62, 
no. 12, pp. 6536-6541, Dec. 2014. 

[28] Z. Shen, J. Wang, and B. Li, “3D frequency selective rasorber: Concept, analysis, and design,” /EEE Trans. on 
Microwave Theory and Techniques, vol. 64, no. 10, pp.3087-3096, Oct. 2016. 

[29] J. Wang, Z. Shen, W. Wu, and K. Feng, “Wideband circular polarizer based on dielectric gratings with periodic 
parallel strips,’ Optics Express, vol. 23, no. 10, pp. 12533-12543, May 2015. 

[30] J. Wang, Z. Shen, X. Gao, and W. Wu, “Cavity-based linear polarizer immune to the polarization direction of incident 
plane wave,” Optics Letters, vol. 41, no. 2, pp. 424-427, Feb. 2016. 






ae NANYANG 
YE) ə NG MA X ICAL 
335) UNIVERSITY 6/ 


